INTRODUCTION
T he urgent need for finding clinical agents suitable for the treatment of AIDS has prompted unprecedented progress in both biochemical and structural studies on proteins essential to the retroviral life cycle. The observation that retroviruses encode a specific proteolytic enzyme vital for their replication indicated that a protease from HIV-1 would be a promising target for the design of anti-AIDS therapeutics. The genetic locus and primary structure of HIV-1 PR had been known since 1985; however, its molecular characterization was hampered by difficulties in obtaining enough purified protein (for review see Ref. 1) . In September 1987, Pearl and Taylor published a hypothetical model of the fold of HIV-1 PR backbone. The model was based on the prediction that the viral PR corresponds to a single domain of the eukaryotic (''pepsin-like'') aspartic protease and functions in a dimeric form (Ref. 2 and references therein). This hypothesis certainly required confirmation by experimental results, and also a detailed knowledge of the tertiary structure, including side chain locations, was needed for design of specific inhibitors.
At the dawn of the structural biology era, the emerging new technologies, routinely used at present, were not yet fully developed. The NMR technique to determine three-
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ABSTRACT:
Soon after its discovery, the attempts to develop anti-AIDS therapeutics focused on the retroviral protease dimensional structures of macromolecules was not yet in use. Very few groups had access to synchrotron facilities, and X-ray diffraction studies usually required quite a number of large crystals. In the case of a new structure, the phasing problem had to be overcome with the help of heavy atom derivatives. In the absence of crystallization robots, obtaining crystals and finding useful heavy-atom derivatives required a considerable amount of pure protein and were time-consuming. Nonetheless, the structure determination of about a 100 amino acid-long protein (124 and 99 for RSV and HIV-1 PR, respectively) containing cysteine was not a formidable task even 20 years ago. The main obstacle for the structural studies of PR to progress was the lack of adequate amounts of the protein. Recombinant methods and chemical synthesis of the large polypeptides found in proteins were in their infancy at that time, and the major part of material used for biophysical studies of proteins was extracted from cell cultures or organisms. In the case of HIV-1, it would require an accumulation of large volumes of a highly concentrated, dangerous pathogen. Scarcity of the protease present in HIV viruses and initial difficulties in cloning the enzyme in bacteria, prompted researchers to try chemical synthesis. [3] [4] [5] [6] However, obtaining milligram quantities of a folded homogenous protein of that size by the stepwise solid phase peptide synthesis 7 posed a major challenge at that time. For these reasons, several groups turned to the closely related avian viruses, which produced &20 times more of their PR, and were not toxic to humans. The first crystal structure of retroviral PR was reported by Miller et 
THE CRYSTAL STRUCTURE OF RSV-PR
The first batch of the avian enzyme (ASLV-PR) was produced for crystallographic studies in 1985; however, the protein did not crystallize, despite the two year-long effort of two groups (Peter Strop, personal communication). Single crystals suitable for X-ray diffractions studies ( Figure 1a ) were obtained with protein purified from viral particles from an RSV Pr-C strain. Trigonal crystals containing two molecules of the protease in the crystallographic asymmetric unit were grown under conditions in which the protease remains active (pH 5.4). 10 The structure was solved by the multiple isomorphous replacement method (MIR). 8 Several heavy-atom derivatives were easily obtained by soaking the crystals in uranyl acetate, mercury, and platinum-containing compounds. The electron density map (Figure 1b ) based on MIR phases from four derivatives showed clearly the molecular boundary of the dimer and several characteristic sequence features, including the active site. With the exception of eight residues in the flap region (see below), which were disordered in the crystal, whole polypeptide chains corresponding to the two monomers were defined by contiguous electron density. The crystal structure (Figure 2a ) fully confirmed the predictions that the subunit of a retroviral PR homodimer corresponds to a single domain of the eukaryotic (''pepsin-like'') aspartic protease, so that the general topology of the molecule could be described by analogous nomenclature conventions.
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Two subunits interact to form a symmetric dimer. Each subunit donates the catalytic triad-Asp-Ser-Gly-to the active site that closely resembles the highly conserved active sites of monomeric, bilobal cellular proteases such as pepsin. Instead of one flap (a long flexible b-hairpin loop from the N-terminal domain) closing over the active site in pepsins, the homodimeric retroviral enzyme has two poorly ordered flaps. In fact, eight residues from the tips of each flap were not located after refinement of the structure at 2-Å resolution. 12 The dimer interface-which corresponds to the inter-domain junction of pepsin-like proteases formed by six strands-is composed of the N-and C-termini from both monomers, which are intertwined to form a four-stranded antiparallel bsheet. Surprisingly, the crystal structure of HIV-1 PR, which was reported a week later, 9 showed differences in main chain connectivity and in the secondary structure in this region.
The first five N-terminal residues were reported to be disordered and a helix which forms part of the highly conserved motif of aspartic proteases was missing, leading to a quite different intersubunit b-sheet topology in contrast to that found in the RSV PR structure. However, a model constructed by Weber et al., based on the initial RSV-PR coordinates, showed that the shorter HIV-1 PR polypeptide chain can have a similar core structure as the RSV enzyme. 13 
Miller
The RSV-PR was the first structure of a retroviral PR, and it was solved solely by MIR. With the exception of the chemically synthesized HIV-1 PR (see below), all subsequent structures of retroviral proteases were determined with the help of the existing models.
CRYSTAL STRUCTURES OF CHEMICALLY SYNTHESIZED HIV1-PR
Getting the Things Right: Crystal Structure of the Free HIV1-PR
The amino acid sequence of chemically synthesized HIV-1 protease used for crystallographic studies (for an early review see Ref. 14) corresponded to the SF2 isolate, with the two Cys residues replaced by L-a-Amino-n-butyric acid (Aba) (see Figure 3a) . The synthetic enzyme was prepared by Jens Schneider and displayed the same specific proteolytic activity, and had a turnover number similar to the enzyme derived from bacterial expression. 15 Single crystals were grown in similar conditions and were isomorphous with those previously reported for the recombinant protein. 9 The crystal structure was first solved by molecular replacement using a model based on the RSV PR crystal structure 13 and was independently validated by the MIR method (Figure 3c ). It is worth noting that useful heavy atom derivatives of HIV-1 PR crystals were difficult to obtain. Uranyl acetate (also lead nitrate used by Merck group for the same purpose) was bound in the active site located on the crystallographic twofold axis and provided only limited phase information. Furthermore, the enzyme was highly active and autolysis, which occurred in the absence of an inhibitor, precluded formation of large, well diffracting crystals. The electron density map , which served as a starting point for sequence fitting. A combined lack of closure refinement of the best four derivatives (uranyl acetate, mercury acetate, methyl mercury acetate, and mersalyl) with anomalous scattering for the uranyl derivative included, gave a total figure of merit of 0.67 (>0.5 for the last resolution shell) for 3-Å data.
The Early Years of Retroviral Protease Crystal Structures 523 calculated using MIR phases based on two derivatives was of medium quality. Whereas most of the chain was found in the contiguous density, a number of breaks were present and chain tracing would have been very difficult in the absence of the information provided by the molecular replacement solution.
The final model at 2.8-Å resolution completely confirmed the conserved folding for retroviral proteases and their relationship with fungal and mammalian aspartic proteases. 16 The HIV1-PR homodimer interface is composed of four well-ordered b strands from both the amino and carboxyl termini, and residues 86-94 have a helical conformation-in agreement with the RSV PR structure and the predicted models. 2, 13 Both retroviral enzyme molecules contain a mixed b-pleated sheet (see Figure 2 ) of two intertwined motifs of four strands related by a pseudo dyad, the active site triad located on the wide loop and the buried ''fireman's grip'' between the two identical subunits. Shorter than in the RSV-PR flaps, the residues 43-56 are well ordered but seem to be immobilized away from the active site by the intermolecular contacts in the crystal lattice. Importantly, the arrangement of N-and C-terminal strands, which interact to produce an active dimer, observed in both enzymes, indicated the intermolecular mechanism for the release of the PR from the precursor protein. These results also showed for the first time that a chemically synthesized protein can fold correctly without being exposed to a ribosome and can crystallize isomorphously with the protein obtained from living cells. Rao et al. 17 compared the structural and evolutionary relationships between the retroviral RSV and HIV-1 protease homodimers against six bilobal fungal and mammalian aspartic proteases. In this study, the conserved parts corresponded to the structural regions related by the twofold axis present in both sets. The retroviral PR monomer exhibits the same degree of structural equivalence to the N-and Cdomains of the eukaryotic enzymes. Two of the three highly conserved amino acid stretches of the retroviral enzyme in the C loop-a helix motif bear moderate sequence similarity with the corresponding eukaryotic enzymes. The third one in the flap region bears no such sequence similarity. The interdomain antiparallel b sheet in the cellular enzymes differs from the intersubunit b sheet in the number, arrangement, and directionality of the strands. This study strongly supports the evolutionary relatedness of the eukaryotic and ret- From the structure of the unliganded enzyme, it was not possible to deduce the exact mode of substrate binding. Particularly intriguing was the role of the two flaps present in the homodimeric enzyme molecules. In the cell-encoded, pepsin-like aspartic proteases the single flap closes down over substrate, desolvates it, and contributes to the formation of the specificity pockets involved in substrate recognition (for a review see Ref. 19 ). In the available crystals of unliganded HIV-1 PR, the crystallographic asymmetric unit contained only one monomer, and the homodimer thus had perfect twofold symmetry. It was anticipated that binding of the polar protein substrate may introduce asymmetry in the retroviral enzyme itself. To address these considerations, we sought to cocrystallize HIV-1 PR with a number of substratebased inhibitors. 20 For that purpose, ample amounts of HIV1-PR were produced by total chemical synthesis at Caltech using a vastly improved protocol. The first compound to study was a design based on the sequence of the CA/NC cleavage site of the viral gag-pol polyprotein, in which the scissile peptide bond had been replaced by a reduced analog. The hexapeptide inhibitor MVT-101 with the sequence N-acetyl-Thr-Ile-Nle-C[CH 2 -NH]-Nle-Gln-Arg Á amide (Nle, norleucine) was synthesized in the laboratory of Garland The initial sample of synthetic enzyme contained just 0.2 mg-not quite enough for extensive screening of the crystallization conditions-however, several small crystals were obtained using a modified protocol described by McKeever et al. 47 On the news that synthetic material crystallized, within two weeks, Kent's group set a precedent by producing &1 mg of folded protein. (b) Single crystals of chemically synthesized HIV-1 PR. Tetragonal space group, unit cell parameters a ¼ 50.2 Å , c ¼ 106.6 Å . (c) MIR electron density maps based on two derivatives, uranyl acetate and K2PtCNS, showing (left) residues 1 to 10, and (right) residues 86 to 94, which were found in a helical conformation.
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Marshall at the Washington University School of Medicine. A mixture of the synthetic enzyme and a 10-fold molar excess of the inhibitor at pH 5.4 was used for screening the crystallization conditions. Orthorhombic cocrystals (Figure 4a ) contained a protein dimer with one bound inhibitor molecule in the asymmetric unit. The structure was solved by molecular replacement, using the structure of unliganded HIV-1 PR as the model and was initially reported at 2.3-Å resolution. 21 Despite the symmetric nature of the unliganded enzyme, the asymmetric inhibitor was fitted to the difference electron density map in only one orientation. However, further refinement of data collected at 2.0-Å resolution revealed biderectionality of this hexapeptide in the crystal lattice. 22 In fact, following the static-disorder refinement, the orientation of the hexapeptide in a direction opposite to the one initially reported was assigned 70% of occupancy, and this orientation of the MVT-101 was recently reported as a unique one. 23 Modeling of MVT-101 in two alternative orientations allowed for corrections of several inaccuracies in the original model. Nonetheless, the first structure revealed the mode of inhibitor binding, confirmed later by other structures of complexes with a variety of inhibitors. [24] [25] [26] The hexapeptide binds in an extended conformation, but its backbone is slightly bent, so that main chain-main chain interactions occur with both flaps and the body of the enzyme. Six direct hydrogen bonds are formed between the main chain carbonyls and NH groups, which include Gly27, Asp29, and the carbonyl of Gly48 from both subunits ( Figure  4c ). No change in relative orientation of the two subunits of the dimer is necessary to maintain these interactions with the bound peptide, which binds in a pseudo-symmetrical way. On the other hand, in comparison with the structure of the unliganded enzyme, the (C, u) pair of dihedral angles of Gly27 changes from (À728, À828) to (À928, 158) and (À1028, 198) in subunits 1 and 2, respectively. As a result, the carbonyls of Gly27 in both subunits turn *908 toward the inhibitor, allowing for the formation of hydrogen bonds with amide NHs from P2 0 and P1 sites. Also, planes of the carboxyl groups of Asp29 and Asp29 0 are rotated about 908, relative to their positions in the free enzyme. As the flaps fold over the inhibitor, a peptide bond in the flap of one monomer turns 1808, providing an attractive interaction between the tips of the flaps. The mode of inhibitor binding differs from that observed for pepsin-like aspartic proteases in several aspects. Whereas the single flap of the cell-encoded aspartyl proteases closes down ''flat'' over the scissile bond, i.e., with the plane of the reverse turn at the tip nearly parallel to the plane of the inhibitor peptide (see Figure 2) , the two flaps of the HIV-1 PR both close over the substrate-derived inhibitor, ''edge on'' (i.e., at &908) to the plane of the substrate polypeptide chain. Moreover, direct hydrogen bonds between the amide NH of peptide bonds near the tip of the flap to the substrate that were observed in pepsin-like proteases, in the case of dimeric retroviral enzyme, are donated from both flaps and are mediated by a specific, tetrahedrally coordinated internal water molecule (Wat301, originally numbered 511).
Contacts between the side chains of the inhibitor and protein residues define six or seven specific binding pockets along the active site clef; however, only the four central ones are well defined and they do not include solvent molecules, other than Wat301. Binding of the inhibitor introduces substantial changes in the protein backbone, which leads to decreasing of the active site cavity. The overall movement of 
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Miller the subunits can be described as a hinge motion by 1.7 Å , with the hinge axis located in the intersubunit b-sheet interface. As expected, the largest movement involves flap regions on both monomers, where the change of positions for the tips of both flaps is as much as 7 Å . These coordinates derived from X-ray structural analysis of the chemically synthesized PR enzyme complexed with the substrate-derived inhibitor were immediately used for a variety of purposes. The shape of the active site facilitated a search of Cambridge Data Bank for nonpeptide compounds that could potentially provide a good fit to the enzyme. 27 The results of the multiple copy simultaneous search (MCSS) method applied to the construction of peptide ligands in the binding site of HIV-1 PR were first tested with the MVT-101:HIV-1 PR complex structure. 28 These coordinates were also used in modeling studies of inhibitor binding to HIV-2 PR, 29 and to determine the X-ray structures of several complexes with the recombinant enzyme. 30 The structure was used for the molecular mechanics analysis of inhibitor binding to HIV-1 PR, 31, 32 and for a number of molecular dynamics simulation studies. 
PROTEIN SYNTHESIS WITHOUT BORDERS
A new synthetic technology-the chemical ligation method-was soon developed by Kent's group, which not only allowed the routine production of proteins with high purity regardless of their size, but also permitted to introduce specific modifications of individual functional groups. Unfortunately, a racemic mixture of HIV-1 PR did not crystallize. On the other hand, co-crystals of the D-protease with a D-hexapeptide MVT-101 inhibitor were obtained (see Figure 5a) . 39, 41 The structure was solved by molecular replacement, using the coordinates of protein dimer from the structure of the complex of native backbone L-HIV-1 PR and MVT101 inhibitor. The structure was refined to an Rfactor of 0.188 in the resolution range of 10-2.5 Å , following the same refinement protocol as used for the L-complex. A comparison of the structure with that of the natural-backbone synthetic L-amino acid enzyme showed that the two molecules were in all respects the mirror images of each other, including the centers of asymmetry not directly determined by the chirality of Ca atoms in the polypeptide backbone. These results vividly demonstrated that no chiral influences other than those inherent to the covalent structure of a polypeptide chain are required for correct three-dimensional folding to form a protein structure. Despite the overall similarity, the crystal structure of ([COS]51-52) 2 HIV-1 PR:MVT-101 complex revealed some important differences to the native backbone enzyme in the flap region. Instead of a single tetrahedrally coordinated water molecule, two distinct water molecules were observed to mediate hydrogen bonds between the Gly49-Ile50 amide bond and inhibitor P2 and P1 0 carbonyl groups. These two water molecules were characterized by high thermal vibration factors and only partial (&50%) occupancy. In addition, whereas the N-Ca dihedral angle (u) for Ile50 was observed to be À658 in both subunits in the original L-HIV-1 PR:MVT-101 complex, 21, 22 in the structure of ([COS]51-52) 2 HIV-1 PR:MVT-101 complex, the Ile50 N-Ca dihedral angle was À1108 in subunit 1 and À958 in subunit 2. These changes in the flap geometry were most probably induced by the replacement of the Gly52 NH moiety by the sulfur atom of the thioester isostere, which affected the Gly49-Ile50 N-H vector and thus water 301 binding. This was the first observation to cast doubt on the role of ''crystallographic'' water 301 in HIV-1 PR enzymatic activity and provided support for the hypothesis that the retroviral enzyme may make use of only one flap. [41] [42] [43] Detailed analysis of the flap structures in three complexes of HIV-1 PR, prepared by total chemical synthesis, with inhibitors designed to mimic different states on the reaction coordinate of peptide bond hydrolysis was recently investigated by pulse-EPR spectroscopy by Torbeev et al. 44 
PERSPECTIVE
The importance of total chemical protein synthesis for the field of protein science has been widely recognized. However, its potential for biological research is best illustrated by the impact on the structural and functional studies of the HIV-1 PR. As described here, chemically synthesized protein was used for the determination of the first correct structure of the free HIV-1 PR enzyme and the first structure of the HIV-1 PR complex with an inhibitor, as well as of two other important complexes. The coordinates of the synthetic HIV-1 PR:MVT-101 complex were deposited to Protein Data Bank in April 1990, and for the two most critical years were the only ones available free to researchers working worldwide on the design of specific PR inhibitors. By 1994, articles reporting the structure of chemically synthesized HIV-1 PR 16 and its complex with the MVT-101 inhibitor 21 were cited 409 and 268 times, respectively reflecting wide usage of these coordinates for solving countless other structures of complexes of recombinant PR with a variety of inhibitors, as well as for a number of theoretical studies. Ligated D-HIV-1 PR obtained by total chemical synthesis was used to explore the world of D-proteins, for the first time experimentally illustrating the reciprocal chiral specificity of mirror image enzyme molecules. These early successes of an application of total chemical synthesis were, however, just a prelude to a completely novel approach to study physico-chemical and biological properties of macromolecules. Most notably, by providing the means of producing protein analogs by replacing a single backbone atom at any desired location, the new chemical methods invented by Kent and coworkers opened endless possibilities to investigate the action of proteins. The significance of this breakthrough has recently become evident by its role in the studies of the mechanism of HIV-1 PR catalysis. Backbone-engineered analogs of HIV-1 PR were used to investigate the contribution of flap-substrate hydrogen bonds to the enzymatic activity of the retroviral enzyme and to obtain atomic-resolution structures of HIV-1 PR with inhibitors that provided invaluable insights into the catalytic apparatus. 23, 45, 46 These insights are currently being used to design novel classes of inhibitors, which would be able to prevent emergence of mutated drug-resistant viruses. These pioneering studies have now been carried on for more than 15 years and will likely benefit efforts to stop AIDS epidemics for many years to come.
